Introduction
As society moves forward toward considering energy options other than petroleum-based fuels, bioenergy is an important alternative to evaluate. In addition to developing the ability to provide energy, it is important to identify ways to do so in a sustainable manner. e concept of sustainability refers to activities that support long-term balance in environmental, social, and economic conditions in particular circumstances. Brundtland [1] de�ned it as the capacity of an activity to operate while maintaining options for future generations. Yet development and use of energy always has some environmental impacts, for example, on water and air quality and biodiversity. e challenge, therefore, is to develop means to address tradeoffs in the costs and bene�ts in energy choices while considering effects on both environmental and socioeconomic aspects of sustainability. e �rst step in determining these effects is developing a means to quantify and measure Brundtland�s broad de�nition of sustainability. Building on prior efforts, this paper discusses proposed indicators of sustainability and attempts to apply them to evaluate the potential for using Eucalyptus for sustainable bioenergy in the southeastern United States (USA). However the application of sustainability indicators in this situation is limited by the paucity of pertinent information. Hence, this analysis also suggests key information that needs to be obtained in order to evaluate sustainability of using Eucalyptus for bioenergy in the southeastern USA.
Approaches to bioenergy options should consider a diversity of feedstock options that are suitable in different regions and contexts. Feedstocks being considered for bioenergy in the southeastern USA include forest and agriculture wastes as well as dedicated perennial energy crops such as herbaceous grasses and fast-growing trees [2] . ere is no one feedstock type suitable for all places. e appropriate conditions for growing feedstocks in a region depend on prevailing climate and soils, past land-use practices, and existing equipment and experience of the growers. In addition, available forest, agriculture, and other residues are also bioenergy feedstocks.
Eucalyptus, a fast-growing tree native to Australia, is currently being grown in the southeastern USA for mulch and is being considered as a potential feedstock for future bioenergy production. e purpose of this paper is to discuss (1) the locations and amounts of feedstock that Eucalyptus could provide in the southeastern USA and (2) how environmental and socioeconomic indicators can be used to evaluate the sustainability of a bioenergy industry based on Eucalyptus. While this paper focuses on sustainability of Eucalyptus for bioenergy in the southeastern USA, we designed it to serve as a template for how sustainability implications of bioenergy crop options can be considered at the regional scale. However difficult challenges remain such as obtaining the data necessary for such quantitative evaluation and determining appropriate and useful methods for collective evaluation of the many components of sustainability.
Short-Rotation Woody Crops and
Eucalyptus Potential as a Bioenergy Crop in the Southeastern USA Eucalyptus spp. is the world's most widely planted hardwood genus. Its fast, uniform growth, self-pruning behavior, and ability to coppice make it desirable for timber, pulpwood, and bioenergy feedstocks. High yield is an important attribute for any short-rotation woody crop (SRWC), for it improves the economics and reduces the area needed for production. In Brazil, Eucalyptus hybrids such as E. grandis × E. urophylla produce 22 to 27 dry Mg ha −1 yr −1 [7] . In Florida E. grandis can achieve more than 34 dry Mg ha −1 yr −1 [8] , rivaling yields of such potential feedstocks as Sacchrum spp. (energy cane) and Pennisetum purpureum (napier grass). Hence there is great interest in Eucalyptus as a bioenergy feedstock.
Estimating the location of where Eucalyptus might be planted to support the bioenergy industry is a prerequisite for considering its effects. Eucalyptus production for bioenergy in the southeastern USA is likely to occur along the southeastern Atlantic and Gulf of Mexico coastal regions of the USA where Eucalyptus's lack of hardiness to frost entails a low to moderate risk ( Figure 1 ) [3] . is area encompasses some places with existing production of Eucalyptus. For example, Eucalyptus grandis has been grown as a commercial crop in Florida primarily for mulchwood for the past �ve decades [9] , largely relying on its ability to sprout proli�cally subsequent to coppicing. ArborGen has developed a freezetolerant Eucalyptus, that has a tolerance down to −8.9 ∘ C while maintaining high productivity [7] . It is not certain how climate changes and associated changes in hardiness zones may affect the potential areas where Eucalyptus might grow. In any case, Eucalyptus will most likely be grown along the coastal areas of the southeastern USA where both frost hardiness and salt tolerance may be an issue.
We provide estimates of the potential supplies of Eucalyptus for bioenergy by utilizing projections generated from the Billion-Ton Update, which estimated the forest and agricultural resource potential for the expansion of bioenergy and bioproducts industries [2] . Estimates of biomass supplies were produced for a range of prices, and the amounts and locations were speci�ed at the county/parish level with projections from 2012 to 2030. Feedstocks include all major primary and secondary forest and agricultural residues, major waste feedstocks, and energy crops grown speci�cally for bioenergy, including SRWCs. e models in the BillionTon Update incorporate yields and production budgets that represent commercial-scale production of various SRWC species, including willow (Salix spp.), loblolly pine (Pinus taeda), poplar (Populus spp.), and, of interest to this paper, Eucalyptus.
Projections of biomass production were made for the Billion-Ton Update using supply/cost curves generated by POLYSYS [10, 11] for each major feedstock group for a baseline and a high-yield case. e baseline case assumes a continuation of the USA Department of Agriculture's 10-year forecast of yields for major food and forage crops to 2018 and then extrapolates it to 2030. e high-yield scenario assumes increased yields and higher adoption of no-till cultivation for traditional crops. All energy crops are assumed to have annual yield increase of 1% for the baseline case, and three levels of increase (2%, 3%, and 4%) were considered for the high-yield scenario. In addition, the POLYSYS model assumes that, in order for energy crops to be grown in a county, the crops must provide a higher net return than the commodity crops or pastures that they displace, and there can only be limited impacts on food, feed, exports, and �ber production. Furthermore, pasture can only convert to energy crops if the displaced forage is made up through intensi�cation. Energy crops are not allowed on irrigated cropland or pasture. Best Management Practices (BMPs) are assumed to be used for establishment, cultivation, maintenance, and harvesting of energy crops. Additionally, energy crops are allowed to compete against each other for land on a per-acre net return basis. Other assumptions of the POLYSYS analysis used by the Billion-Ton Update are To quantify an upper limit of sustainable production of Eucalyptus in response to a bioenergy market as constrained by the POLYSYS assumptions summarized above, we disaggregated the SRWC production estimates from the BillionTon Update for the 192 counties in the Eucalyptus production ranges shown in Figure 2 . ose 192 counties were identi�ed as having centroids within the low-and moderate-risk Eucalyptus ranges shown in Figure 1 . County-level POLYSYS results for SRWC production in these 192 counties were used to estimate potential Eucalyptus production (yield and land area) in the USA. POLYSYS simulates SRWCs in this range as any tree species that is managed as single-stem for eight-year rotations and yielding a mean annual increment of about 13 dry Mg ha −1 yr −1 , with yields projected to increase with future improvements. Actual Eucalyptus production practices would deviate from these assumptions, for some of the simulated SRWC production will be met with pine, poplars, or other species.
We estimate a supply potential in year 2030 of 27 to 41 million dry Mg year −1 of Eucalyptus production potential in the Southeast by assuming all SRWC production is realized by Eucalyptus within the baseline and a high-yield case estimated by the Billion-Ton Update and shown in Figure 2 . is calculation derives from simulating a farmgate price of $66 dry Mg −1 ($60 dry ton −1 ) under the baseline and highyield (4% yield increase) scenarios. Under these assumptions, the Billion-Ton Update estimates that 1.0 to 1. To illustrate the scale of potential landscape change that might be attributable to future Eucalyptus production, land use and conversion from this same simulation is shown in Table 1 and Figure 2 . Assuming a farmgate price of $66 dry Mg −1 , these model results suggest that up to 0.25, 0.29, and 1.20 million hectares of cropland, cropland pasture, and permanent pasture within the geographic range of Eucalyptus production could be converted to SRWCs by the year 2030. is amount represents about 19% of the agricultural land and 4.5% of total land in these 192 counties.
POLYSYS is constrained to only allow SRWC production on non-forested land but also projects feedstock supplies to 2030 from logging residues, thinnings, and pulpwood from forest land. Depending on policy, economics, and landowner values, forestland might also be brought into Eucalyptus production. For example, this same POLYSYS simulation produces 200,900 Mg of sowood pulpwood in 2030 from the 192 selected counties. Assuming a mean annual increment of 11 Mg ha −1 yr −1 , this material could be drawn from about 18 thousand hectares of forestland, some of which could be converted from pine to Eucalyptus or other SRWC plantations. Hence the potential aggregate change of the landscape of about 1.8 million ha warrants critical evaluation of possible effects.
Assessing Sustainability of the Eucalyptus Biofuel Supply Chain via Indicators
To assess sustainability, means of quantifying it have to be speci�ed. Brundtland�s broad de�nition of sustainability is useful but is nonspeci�c. erefore, many groups have been working toward establishing a set of indicators that can be used to quantify bioenergy sustainability (e.g., the Roundtable on Sustainable Biofuels [12] , Global Bioenergy Partnership [13] , and Council on Sustainable Biomass Production [14] ). However, implementation is hampered when indicators are too numerous, too costly, and too broad [15] as is the case for current efforts. us, our team of researchers at Oak Ridge National Laboratory considered bioenergy sustainability indicators proposed by many groups and selected a small set of measureable indicators of bioenergy sustainability using the criteria of being practical, sensitive to stresses, unambiguous, anticipatory, predictive, calibrated with known variability, and sufficient when considered collectively [16] . ese conditions are also prerequisites for energy security [17] as well as other aspects of sustainability. Furthermore, the selected indicators are less cumbersome than those proposed by other groups because we assume they only apply in situations that have basic legal, regulatory, and enforcement services and transparent, stable, and legitimate governance. is �nal assumption is critical, for it avoids situations where bioenergy has been called on to resolve major development challenges such as lack of land tenure or government corruption.
We hypothesize that the selected suite of 35 environmental and socioeconomic indicators provides a practical and consistent way to assess the sustainability of a particular situation where a feedstock might be grown and converted to bioenergy. e 19 environmental indicators of bioenergy sustainability fall into the categories of soil quality, water quality and quantity, greenhouse gases, biodiversity, air quality, and productivity (Table 2 ) [4] . Socioeconomic aspects of bioenergy sustainability are de�ned by 16 indicators that fall into the categories of social wellbeing, energy security, trade, pro�tability, resource conservation, and social acceptability (Table 3 ) [5] . ese indicators constitute a way to assess the capacity of bioenergy systems to advance toward the goal of sustainability. Here we consider how these 35 indicators can be applied to the use of Eucalyptus to produce bioenergy in the southeastern USA. Indicators of bioenergy sustainability can be applied conceptually to a region, but actual application should be context speci�c [18] . For example, sustainability of Eucalyptus depends on a variety of factors, such as prevailing environmental conditions, ongoing management, previous land practices, and intended use of the product. While we discuss how these indicators might be applied to Eucalyptus deployment in the southeastern USA for bioenergy, actual evaluation of the sustainability of Eucalyptus depends on the speci�c situation and management, and much of that information is not yet known. erefore, when appropriate and possible, we rely on information from other locations and uses of Eucalyptus other than for bioenergy.
To illustrate their application, we discuss how potential effects on sustainability of using Eucalyptus for bioenergy occur in all �ve stages of the biofuel life cycle (Table 4) : feedstock production, feedstock logistics, conversion to biofuel, biofuel logistics, and biofuel end uses. Each is discussed below. All feedstock types have effects (e.g., on greenhouse gas emissions, air quality, pro�tability, social well being, trade, energy security, resource conservation and social acceptability) that are distributed throughout the supply 4 Annual probability of catastrophic event 1 FTE employment includes net new jobs created, plus jobs maintained that otherwise would have been lost, as a result of the system being assessed. 2 Conventional economic models can address long-term sustainability issues by extending the planning horizon, projecting as an in�nite geometric series, or calculating with a low discount rate. 3 Can be expanded to include non-market externalities (e.g., water quality, GHG emissions). 4 A catastrophic event can be de�ned as an event or accident that has more than 10 human fatalities, affects an area greater than 1000 ha, or leads to extinction or extirpation of a species. 5 For example this measure could be the percent of all social, economic and environmental indicators identi�ed via stakeholder consultation or the percent of the 35 indicators listed here and in McBride et al. [4] for which relevant baseline, target, and performance data are reported and made available to the public on a timely basis (at least annually). chain; however much more is known about the feedstock production stage for Eucalyptus.
Feedstock Production.
Feedstock production builds from the current condition of the land, soil, and water resources and encompasses propagation, site preparation, establishment, and management. Sustainability effects of bioenergy that are speci�c to Eucalyptus and other SRWC are largely concentrated in the feedstock production stage of the life cycle ( Table 4) . As with any dedicated biomass plantation, Eucalyptus plantations can affect all six categories of environmental indicators (soil quality, water quality and quantity, greenhouse gases, biodiversity, air quality, and productivity), and the effects are speci�c to each location, prior conditions, and management practice.
Resource conditions prior to establishment of plantations have signi�cant implications on effects of these attributes. ese conditions include the soil, water, and air quality, as well as biodiversity and habitat circumstances of the area prior to the establishment of the crop. e sign and degree of effects are different for each situation. e effects can be negative where clearing natural forests compromises biodiversity or soil conditions and depend on the spatial scale being considered [19] . Carbon sequestration of Eucalyptus plantations on prior pasture lands is in�uenced by precipitation patterns and intervals between harvests [20] . e effects can be positive in cases where plantations replace little or poorly managed vegetation, or negative if the plantations are poorly managed and replace well-established and productive stands. For example, when established on former pasture land in southern Europe, E. nitens and E. globulus enhance carbon sequestration in both biomass and soil [21] . And studies of E. nitens in Australia con�rm that management via thinning, pruning, and nitrogen fertilization has interactive effects on above-ground biomass and biomass partitioning among crown, bole, and roots [22] . As another example, Eucalyptus has been demonstrated to provide bene�cial impacts on soil quality, water quality and quantity, greenhouse gases, and biodiversity when Eucalyptus plantations are established for purposes of mine land reclamation or phytoremediation (e.g., [23] [24] [25] [26] [27] [28] [29] ) and could be used on other degraded land. As with any other bioenergy crop, appropriate lands and management practices must be used if sustainability is to be achieved.
Water use by Eucalyptus grown for bioenergy is a concern where water is scarce, as is the case during droughts and T 4: Categories of sustainability indicators that experience environmental or socioeconomic effects within the Eucalyptus-to-biofuel supply chain. Major effects for Eucalyptus and other fast-growing non-native crops are depicted by * , and additional effects exhibited by all feedstocks are depicted by +. A blank means there is no effect in that category.
Categories of indicators Environmental Effects Socioeconomic Effects
Steps in biofuel supply chain for selected areas of the southeastern USA, including parts of the 192 countries where Eucalyptus might be grown. e water scarcity issue is localized and relates more to population growth and demand than to inherent supply limits. Of most concern is groundwater recharge due to deep rooting in areas where the primary drinking water source is groundwater (as in peninsular Florida). As a fast-growing tree, Eucalyptus can use signi�cant amounts of water. is trait may be a concern in areas where groundwater is scarce or may be an asset in applications such as phytoremediation or reclaiming saturated clay settling areas of mined lands [24] . e main question of water use is how tradeoffs in allocation are addressed. Once established, Eucalyptus can tolerate drought and water scarcity. For example, E. occidentalis was able to produce 22 tons/ha in the dry land Mediterranean climate of southwestern Australia [30] . Eucalypts are able to make use of soil water to depths of 8 to 10 m within 7 years of planting and are able to penetrate clay subsoils [30] . As with other categories of indicators, the interpretation of the values of water quality and quantity indicators is speci�c to each situation.
Similar to any agricultural or forest land use, mismanagement can result in negative environmental impacts, while appropriate management can enhance or at least maintain environmental quality. e question then becomes, "what are appropriate management practices for Eucalyptus in the southeastern USA?" For example, management practices of Eucalyptus plantations can serve to control soil erosion, with implications for soil and water quality, as well as yield. On many sites in the southeastern USA that are available for planting Eucalpytus, both competing vegetation and low fertility will need to be addressed.
Expansive monocultures managed with stringent control of competing vegetation are likely to reduce biodiversity. Conversely, a mosaic of Eucalyptus stands interspersed on the landscape that includes native vegetation and a diversity of stand structures may have less impact on biodiversity. Preplantation land-use conditions also have implications for biodiversity. For example, higher diversity can occur in pine plantations established on cutover forest land than planted on former agricultural land [31] . Hence, establishing Eucalyptus plantations on land previously cleared for rowcrops or pasture in the southeastern USA should be designed to not jeopardize existing biodiversity. Maintaining land in forest or increasing forest area can promote biodiversity via habitat provision services of forests and forest edges.
Areas with high native biodiversity should be excluded from plantation development. In the southeastern USA, high-diversity forest lands are oen in federal ownership [32] and are excluded from providing bioenergy feedstocks by the Renewable Fuel Standard [33] .
Based on concern about the invasiveness of Eucalyptus because it is a foreign plant to the USA, e Nature Conservancy evaluated it using the Australian Weed Risk Assessment system [34] . Some Eucalyptus species are considered by Florida to be naturalized in disturbed areas and not invasive [35] . Using a check list to evaluate invasiveness, E. amplifolia requires further evaluation, but E. camaldulensis and E. grandis are considered invasive [36] . Even in Brazil, where the amount of E. grandis plantations are the largest (4.2 m ha in 2010), E. grandis is not considered invasive for several reasons. e species has very few small seeds within a �re-protective capsule. ese capsules help the seeds grow aer a �re but prevent them from growing otherwise, for the seed must be on exposed soil to germinate, with survival requiring no surrounding vegetation and full sunlight [6] . ese seeds also do not have any characteristics that facilitate dispersal by wind, water, or other means. Hence tree height and the wind conditions are the main factors in�uencing how far the seeds will travel, and seeds typically fall within a distance of 1.3 times the height of the tree [37] . Furthermore, in order to reduce invasiveness, ArborGen has successfully engineered a Eucalyptus hybrid that does not produce pollen [30] . Introduction of Eucalyptus species into new areas and large-scale plantations requires careful evaluation of their potential for invasiveness [34] .
Furthermore, salt-affected soil usually does not support high productivity due to the degradation of the soil. To increase both soil quality and pro�ts, salt-tolerant species such as E. camaldulensis can be grown and harvested on salt-affected soils [36] . E. occidentalis was able to produce 31 tons/ha on salinized soils in southwestern Australia that had previously been abandoned by agriculture [36] .
Eucalyptus plantations can also affect all aspects of the socioeconomic components of sustainability: social wellbeing, energy security, trade, pro�tability, resource conservation, and social acceptability, as does any bioenergy crop. ese effects can be positive if the bioenergy system is well managed and located in a place where bene�ts can accrue. For example, a re�nery could be located where rural jobs are in decline, and the establishment of a new industry based on Eucalyptus could revitalize the community while providing a new energy source that might be competitive with fossil fuels. e biggest difference in social acceptability from most other SRWC being proposed for bioenergy in the southeastern USA is that Eucalyptus is not a native species and has high water demands and potential for invasiveness. Use of Eucalyptus has been initially challenged in many places where it is planted but is not native. However, as one example of the turnaround in its public acceptance, expansion of Eucalyptus forestry in Ethiopia resulted in 96% of growers and 90% of the district experts supporting that expansion largely for economic reasons and despite environmental concerns [38] . In the USA outside of Florida, there are no state or federal restrictions on planting non-native Eucalyptus, and Florida's restriction is based on invasiveness, not on non-native status. Furthermore, the frost-tolerant hybrid mentioned earlier is a genetically modi�ed organism, which is regulated under federal laws.
As with other forest practices, the use of Eucalyptus for bioenergy provides an opportunity to retain land in forest versus succumbing to other land pressures such as development or urban expansion. e demand for bioenergy and value of the Eucalyptus for that purpose as compared to other activities on the land determine where and how Eucalyptusbased bioenergy will occur. Retaining land in productive forestry could also provide rural socioeconomic bene�ts such as jobs and pro�t from the land. While much focus now for bioenergy in the southeastern USA is on perennial grasses, cost projections for Eucalyptus-delivered feedstock may be more economical in some areas. For example, the estimated lowest cost based on simulations of switchgrass is $67 Mg −1 , and for Eucalyptus is $55 Mg −1 for the southeastern USA [39] . Currently 9.6 percent of the land in seven Gulf South states where Eucalyptus might grow is in plantation forests [37] . With the forest industry downturn in the southeastern USA, both jobs and forest land are being lost [40, 41] . At the same time, more land is being developed for urban and suburban use, and bioenergy crops, such as Eucalyptus, may offer an opportunity to counteract these trends [42] . To this end, some developments are incorporating a landscape design that includes both forests and houses within the overall planning. For example, a housing development in the coastal region near Ravenal, South Carolina, allocates a portion of the total planned area to forestry where several Eucalyptus spp. are being grown in test trials.
Feedstock Logistics.
Feedstock logistics include the harvesting, processing, storage and transport of the feedstock to the re�nery. �f particular environmental concern in Eucalyptus feedstock logistics is effects on water quality and quantity during harvest and on biodiversity during transport. Biofuel cost is highly sensitive to the delivered cost of the Eucalyptus feedstock, which can constitute 35-50% of the total cost of ethanol production [43, 44] .
Conversion to Biofuel, Biofuel Logistics, and Biofuel End
Uses. Conversion is the process of changing the feedstock into biofuel and depends on the fuel type selected and any coproducts created. Sometimes the coproducts have more value than the fuel produced. Biofuel logistics is the step of moving fuel (oen by truck, rail, or barge) to the end users and storing it. End use involves the engine type in which the fuel is used as well as how much of the biofuel is blended with other fuels. For example, second-generation bioethanol can be acquired from Eucalyptus globulus if re�ned by specialized autohydrolysis processing, which breaks down the lignocellulose into soluble fragments, followed by Simultaneous Sacchari�cation and Fermentation (SSF) processing, which 
Conclusion, Opportunities, and
Constraints for Eucalyptus-Based Bioenergy is paper discusses a suite of sustainability indicators that can be applied to Eucalyptus-based bioenergy production in the southeastern USA. While this bioenergy production system has the potential to be environmentally, economically, and socially sustainable, context-speci�c information is needed before these indicators can be applied to determine conditions under which a system is sustainable. For Eucalyptus growing in the southeastern USA, key concerns and hence critical data needs revolve around potential for invasiveness, water use and social acceptability. Sustainability indicators should be applied as speci�c projects are deployed. ere are several opportunities provided by using Eucalyptus and other SRWC as feedstocks in the southeastern USA. Most importantly they could provide a new source of bioenergy and associated social and environmental bene�ts. ey may provide a means to retain or expand the area of land in a forest land use, versus having them become developed, and thereby improve biodiversity conditions and water quantity and quality. Eucalyptus and other SRWC plantations may also provide rural jobs.
However, constraints exist to the full deployment of Eucalyptus-based bioenergy in the southeastern USA. Current environmental, sociopolitical, economic, and conditions may limit the places where Eucalyptus might be planted. ese limits include pressures for land development, the value of wood and its products, and soils conditions that result from past land use. Furthermore, not all requisite information is currently available at the temporal and spatial scales of resolution at which it is needed to estimate the potential for a successful bioenergy industry based on Eucalyptus or to validate this approach. erefore, we encourage the collection of data on the indicators in Tables 2 and 3 so that a quantitative evaluation can be made. Necessary information includes current environmental and socioeconomic conditions as well as factors affecting energy choices and their impacts. Another constraint is lack of information on the best management techniques for establishing and growing Eucalyptus in the southeastern USA. e processes for converting Eucalyptus to bioenergy are in their infancy and require development as well. ere is a need to develop the industry for producing and converting Eucalyptus to bioenergy. As the bioenergy system based on Eucalyptus is deployed, it will be necessary to identify and address public perceptions and risks. For example, there is widespread concern that Eucalyptus is an invasive species. Finally, genomes of Eucalyptus need to be developed that can deal with environmental stresses that occur in the southeastern USA (such as those that are resistant to frost).
Once (and if) these constraints are surmounted, the bene�ts of a Eucalyptus-based bioenergy system can possibly be achieved. e forest industry is well positioned to tackle these constraints to feedstock provision using Eucalyptus. Brazil has much experience in growing eucalypts where they constitute about 90% of the forest plantations. However, it is not clear how much of that knowledge and technology can be transferred to the southeastern USA. e deployment of the bioenergy industry is still in development, and it is unknown how much Eucalyptus will differ from the conversion of other feedstocks. is analysis demonstrates that the sustainability issues associated with using Eucalyptus for bioenergy do not differ greatly from those of other feedstocks. In all cases, it is the speci�cs of how the industry is developed and deployed that determine the effects on sustainability of current systems.
